Abstract
Mohr-Coulomb model has some inherent limitations. Once a soil element reaches the yield 126 stress, which is defined by the Mohr-Coulomb failure criterion, constant dilation is employed 127 which implies that dense sand will continue to dilate with shearing, whereas laboratory tests on 128 dense sands show that the dilation angle gradually decreases to zero with plastic shearing and the 129 soil element reaches the critical state. In the present study, this limitation is overcome by 130 employing a modified form of Mohr-Coulomb (MMC) model proposed by Roy et al. (2014, 131 2015) which takes into account the effects of pre-peak hardening, post-peak softening, density 132 and confining pressure on mobilized angle of internal friction (φ′) and dilation angle (ψ) of dense 133 sand. A summary of the constitutive relationships of the MMC model is shown in Table 1 .
134
Figure 2(b) shows the typical variation of mobilized φ′ and ψ with plastic shear strain (γ p ). The
135
following are the key features of the MMC model.
136
The peak friction angle ( p φ′ ) increases with relative density but decreases with confining 137 pressure, which is a well-recognized phenomena observed in triaxial and direct simple shear
138
(DSS) tests (e.g., Bolton 1986; Tatsuoka et al. 1986; Hsu and Liao 1998; Houlsby 1991; Schanz 139 and Vermeer 1996; Lings and Dietz 2004) . Mathematical functions for mobilized φ′ and ψ with 140 plastic shear strain, relative density and confining pressure have been proposed in the past 141 (Vermeer and deBorst 1984; Tatsuoka et al. 1993; Hsu and Liao 1998; Hsu 2005) . Reanalyzing additional laboratory test data, Roy et al. (2014 Roy et al. ( , 2015 proposed the improved relationships 143 shown in Table 1 (MMC model) and used for successful simulation of pipeline-soil interaction 144 behavior. Further details of the model and parameter selection are discussed in Roy et al. (2014a, 145 b) and are not repeated here.
146
In Abaqus, the proposed MMC model cannot be used directly using any built-in model;
147 therefore, in this study it is implemented by developing a user subroutine VUSDFLD written in 148 FORTRAN. In the subroutine, the stress and strain components are called in each time increment
149
and from the stress components the mean stress (p′) is calculated. depth (z) and α (Figs. 1b, c) . Therefore, in this study Aψ=3.8 and kψ=0.6 is used for simplicity.
171
In addition, based on Chakraborty and Salgado, (2010), the parameter Q is varied as 172 Q=7.4+0.6 ln(σ c ' ) with 7.4≤Q≤10.
173
The interaction between pile and surrounding soil is modeled using the Coulomb friction Al-Adhadh 2014). For numerical modeling, φµ/φ' within this range has been also used in the past
179
(e.g., Achmus et al. 2013) . In the present study, φµ=0.65φ′ is used, where , 1987) .
181
The Young's modulus of elasticity of sand (Es) can be expressed as a function of mean 182 effective stress (p') as, E s =Kp a �p' p a ⁄ � n (Janbu, 1963) ; where, K and n are soil parameters and pa
The numerical analysis is conducted in two steps. In the first step, geostatic stress is 186 applied. In the second step, the pile is displaced in the X direction specifying a displacement 187 boundary condition at the reference point at a vertical distance e above the pile head (Fig. 2a) . (Table 2 ). In these 227 simulations, after the geostatic step, the vertical load is applied gradually and then the lateral 228 eccentric load is applied as shown in Fig. 1a .
229
The Hu-Mu interaction curves obtained from these 21 FE simulations for different vertical it under-predicts H at low u but over-predicts at large u.
259
One of the main advantages of the MMC model is that the mobilized φ′ and ψ decrease 260 with plastic shear strain (i.e. displacement u) which reduces the shear resistance of soil and 261 therefore the gradient of the load-displacement curves reduces with u (Fig. 3) . The mechanisms involved in force-displacement behavior can be explained further using simulations using the MC model. In this case no distinct shear band is observed; instead, the pile because the post-peak softening is not considered.
278
The difference between the force-displacement curves obtained with the MC and MMC model than the MC model (Fig. 3) .
295
It is to be noted here that FE element size influences the results when the analyses 
304
The parametric study presented in the following sections is conducted with the MMC model.
305

FE simulations for different aspect ratios
306
The aspect ratio η (=L/D) is often used to examine the effects of pile geometry on the load- Table 2 are used in the analysis. The capacity of a monopile need to be estimated at different states such as the ultimate 315 limit state (ULS) and serviceability limit state (SLS). The SLS occurs at much lower rotation of 316 the pile than ULS. In the design, both ULS and SLS criteria need to be satisfied.
317
Typical force-displacement and moment-rotation curves are shown in Fig. 7 (a) and 7(b), 
325
All the points for a given rotation (e.g., open squares) are not on a vertical line in Fig. 7(a) 326 because the depth of rotation slightly decreases with increase in eccentricity (explained later). As 327 expected, H increases with increase in rotation (e.g., Hu for θ=5° is greater than Hu for θ=1°).
328
In the design of long slender piles, the lateral load at pile head displacement of 10% of its 329 diameter is often considered as the ultimate load. The solid triangles show the lateral load-
330
carrying capacity of the pile for 0.1D pile head displacement. In these analyses, it is higher than 331 the lateral load at θ=1° but lower than θ=5°.
332
Similar to Fig. 7(a) , the open symbols in Fig. 7(b) show the moments at θ=0.5°, 1° and (Fig. 7a) , the corresponding moment increases (Fig. 7b) .
337
In summary, both load-and moment-carrying capacity of a large-diameter monopile in 338 dense sand depends on its rotation. As the rotation criterion is commonly used in the current In order to identify the point of rotation of the pile in terms of length (i.e. d/L in Fig. 1b) ,
351
the lateral displacements of 3 m diameter piles of different lengths listed in Table 3 are plotted in 352 Fig. 8 . As the pile length is different (Table 3) , the depth z in the vertical axis is normalized by L.
353
Similarly, for a given θ, the lateral displacement (u) at a normalized depth (z/L) depends on the 354 length of the pile. Therefore, for a better presentation, the lateral displacements are plotted The capacity of a monopile can be better described using force-moment interaction 365 diagrams (Fig. 9) . In order to plot this diagram, the values of H and M are obtained for each of 366 the 42 analyses listed in Table 3 for θ=0.5°, 1° and 5° as shown in Figs. 7(a) and 7(b). Figure 9 shows that H-M interaction lines are almost linear. The capacity (both H and M) increases with Table 3 and plotted in Fig. 11 . The initial stiffness increases with increase in size of the pile and 385 the increase is very significant at low eccentricities; however, at large e/D, the difference in kin is 386 relatively small. For a given pile length (e.g., L=18 m), kin is higher for larger diameter pile up to 387 e=5D; however, kin is almost independent of D at large eccentricities (e.g., e=15D). This is idealized horizontal pressure distribution (p) shown in Fig. 1(b) is used to estimate the lateral 397 load-carrying capacity. Note that the assumed shape of p in Fig. 1(b) is similar to the horizontal 398 pressure distribution obtained from FE analysis (Fig. 10) . From Fig. 1(b) , the force and moment 399 equilibrium equations at the pile head can be written as:
402
Combining Eqs. (1) and (2), and replacing M=He, the following relationship is obtained: 
406
In addition to the shape of the pressure distribution profile (Fig. 1b) in Fig. 12 show that the calculated Hu using the empirical Eqs. (1)- (3) the lateral load-carrying capacity increases with decreasing eccentricity (Fig. 7a) . Therefore, for 416 a given rotation, the points with higher u H represent the results for lower eccentricities. The 417 rightmost points, where the maximum discrepancy is found, are for the purely lateral load 418 applied to the pile head (e=0). The discrepancy is not very significant for high eccentricities. As 419 in offshore monopile foundations the lateral load acts at relatively high eccentricity, Eqs. (1)- (3) 420 and FE results show better match for these loading conditions.
421
In order to provide a simplified guideline for SLS design, capacities of the monopile at 422 two more rotations (θ=0.5° and 1°) are also investigated. Reanalyzing H at these rotations, it is
423
found that if K=1.45Kp and 2.25Kp are used for θ=0.5° and 1°, respectively, the calculated H 424 using Eqs. (1)- (3) reasonably match the FE results (Fig. 12) . Similar to the mobilization of the 425 passive resistance behind a retaining wall with its rotation, this can be viewed as: at θ equals 0.5° 426 and 1°, respectively, the mobilized K is 34% and 52% of the K at the ultimate condition (θ=5°).
427
Lateral force-moment interaction 428 Figure 13 shows the lateral force-moment interaction diagram in which H and M are 429 normalized as
The solid lines are drawn using Eqs.
430
(1)- (3) 
